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Summary  In  this  article  we  present  in  situ  transmission  electron  microscopy  (TEM)  of  soft,
synthetic nanoparticles  with  a  comparative  analysis  using  conventional  TEM  methods.  This  com-
parison is  made  with  the  simple  aim  of  describing  what  is  an  unprecedented  example  of  in  situ
imaging by  TEM.  However,  we  contend  the  technique  will  quickly  become  essential  in  the  char-
acterisation  of  analogous  systems,  especially  where  dynamics  are  of  interest  in  the  solvated
state. In  this  case,  particles  were  studied  which  were  obtained  from  the  direct  polymerisation  of
an oxaliplatin  analogue,  designed  for  an  ongoing  programme  in  novel  chemotherapeutic  delivery
systems.  The  resulting  nanoparticles  provided  sufﬁcient  contrast  for  facile  imaging  in  situ, and
point towards  key  design  parameters  that  enable  this  new  characterisation  approach  for  organic
nanomaterials.  We  describe  the  preparation  of  the  synthetic  nanoparticles  together  with  their
characterisation  in  liquid  water.  Finally,  we  provide  a  future  perspective  of  this  technique  for
the analysis  of  soft  and  dynamic  nanomaterials  and  discussion  the  progress  which  needs  to  be
made in  order  to  bring  in  situ  liquid  TEM  to  its  full  potential.
© 2015  The  Authors.  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC
BY license  (http://creativecommons.org/licenses/by/4.0/).
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eIntroduction
Transmission  electron  microscopy  (TEM)  and  Scanning  TEM
(STEM)  are  extremely  powerful  techniques  to  characterise
nanomaterials  due  to  the  high  spatial  resolution,  the  ability
to  determine  internal  and  3D  structures  and  the  possibility
to  obtain  elemental  information  through  the  use  of  energy
dispersive  X-ray  spectroscopy  (EDS)  and  electron  energy  loss
spectroscopy  (EELS).  Due  to  the  high  vacuum  requirement
of  the  microscope  column,  nanoparticles  are  not  typically
imaged  under  environmental  conditions  (Goodhew  et  al.,
2001;  Williams  and  Carter,  1996).  For  example,  nanoparti-
cles  in  solution  are  typically  imaged  through  one  of  the  two
techniques  (a)  dehydration  onto  a  TEM  grid  (dry  state  TEM)
or  (b)  vitriﬁcation  of  thin  ﬁlms  of  solution  on  a  TEM  grid
(cryo-TEM)  (Patterson  et  al.,  2014;  Friedrich  et  al.,  2010;
Cui  et  al.,  2007;  Talmon,  1983).
While  both  these  techniques  allow  particle  size  and
morphology  to  be  readily  determined,  the  process  of  dehy-
dration  or  vitriﬁcation  removes  the  possibility  of  studying
particle  dynamics.  Observing  particles  in  solution  dynam-
ically  in  the  electron  microscope  is  highly  desirable  and
will  open  up  the  possibility  to  observe  the  movement,
interaction,  reaction,  growth,  assembly  and  disassembly  of
nanomaterials  in  real  time.  To  quote  Richard  Feynman  —  ‘It
is  very  easy  to  answer  many  of  these  fundamental  biological
questions;  you  just  look  at  the  thing!’  (Feynman,  1960).  In
his  groundbreaking  lecture  Feynman  cited  the  resolution  of
the  electron  microscope  as  being  the  major  limiting  factor  in
propelling  our  understanding  of  these  materials,  yet,  while
it  is  now  routine  to  achieve  resolutions  exceeding  the  atomic
scale  (Zhou  et  al.,  2012),  and  while  cryo-TEM  has  been  inte-
gral  to  the  structural  biologists,  imaging  soft  nanomaterials
in  liquids  has  yet  to  live  up  to  its  promise.
The  ﬁrst  reports  of  TEM  in  liquids  appeared  over  70  years
ago  using  both  open  (Ruska,  1942)  and  closed  (Abrams  and
e
(
a
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Figure  1  A  schematic  for  ancBain,  1944)  cell  technologies.  These  two  approaches  still
orm  the  basis  of  all  liquid  EM  techniques  used  today.  How-
ver,  both  technologies  lagged  behind  cryo-TEM  in  terms
f  structural  characterisation  of  nanomaterials  in  solution
nd  this  technique  dominated  the  literature.  Open  cell  envi-
onmental  TEM  (ETEM)  uses  differential  apertures  in  order
o  create  higher  pressures  very  close  to  the  sample  allow-
ng  imaging  in  both  liquids  and  gases.  Prior  to  this  century,
pen  cell  techniques  were  the  most  utilised  method  for
nvironmental  TEM  imaging.  By  contrast,  closed  cell  tech-
ology  involves  encasing  the  liquid  or  gas  in  a  cell  capable
f  mechanically  withstanding  the  internal  vacuum  of  the
icroscope  and  thin  enough  to  allow  the  beam  to  fully
enetrate  (Fig.  1).  The  cells  are  difﬁcult  to  construct  and
he  technique  remained  largely  unused  until  a  decade  ago,
hen  Ross  et  al.  reported  the  ﬁrst  silicon  nitride  closed
iquid  cell  for  TEM  (Williamson  et  al.,  2003).  These  sili-
on  nitride  cells  now  form  the  basis  of  most  liquid  TEM
easurements  made,  largely  due  to  their  commercialisa-
ion.
In  situ  liquid  TEM,  has  seen  a  strong  resurgence  across
any  ﬁelds  including  inorganic  nanomaterial  nucleation  and
rowth  from  solution  (Evans  et  al.,  2011;  Woehl  et  al.,
012;  Zheng  et  al.,  2009),  electrochemistry  (Williamson
t  al.,  2003;  White  et  al.,  2012a) biology  (Sugi  et  al.,  2008;
eckys  et  al.,  2009;  Evans  et  al.,  2012)  and  more  recently
rganometallic  self-assembly  (Patterson  et  al.,  2015).  Soft
aterials  are  particularly  interesting  candidates  for  in  situ
maging  due  to  the  fact  that  in  solution  their  morphology  can
e  manipulated  by  a  broad  range  of  stimuli  (Kelley  et  al.,
013) including  metals  (Brodin  et  al.,  2012),  pH  (Doncom
t  al.,  2012),  temperature  (Xing  et  al.,  2013),  light  (Jiang
t  al.,  2005),  redox  chemistry  (Ren  et  al.,  2012),  ultrasound
Lensen  et  al.,  2011),  DNA  hybridisation  (Chien  et  al.,  2010),
nd  enzymes  (Ku  et  al.,  2011).  Our  preliminary  investigation,
imed  at  demonstrating  the  feasibility  of  such  an  imaging
 in  situ  liquid  TEM  cell.
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Figure  2  Preparation  of  nanoparticles  consisting  of  a  Pt(II)-labelled  core.  Left:  structure  of  Pt(II)-norbornyl  monomer  (1),  X-
ray crystal  structure,  and  amphiphilic  block  copolymer.  Dialysis  from  DMF  into  water  yielded  high  contrast,  spherical  micelles
with Pt(II)-labelled  cores  (red).  Right:  (a)  conventional  dry-state  TEM  of  unstained  micelles.  (b)  STEM-energy-dispersive  X-ray
spectroscopy  (STEM-EDS)  elemental  map  indicating  platinum  overlaid  on  the  corresponding  STEM-high-angle  annular  dark-ﬁeld
microscopy (HAADF)  image.
Figure  3  Pt(II)-core  micelles  visualised  via  different  TEM  methods.  (a)  Dry-state  and  uranyl  acetate-stained.  (b)  Dry-state  and
non-stained —  as  in  Fig.  1,  shown  here  at  higher  magniﬁcation.  (c)  Cryo-TEM.  (d)  Screen  shot  of  in  situ  liquid  phase  TEM.  Dark  region
is at  the  edge  of  the  chip.
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Figure  4  Size  distribution  histograms  of  the  Pt(II)-loaded  particles  imaged  by  dry-state  negative-stained,  dry-state  non-stained,
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strategy  for  capturing  the  motion  of  synthetic  soft  matter
at  the  nanoscale,  is  presented  here.
Results and discussion
To  our  knowledge  there  are  no  previous  examples  of  imag-
ing  dynamics  of  polymer  nanomaterials  by  liquid-TEM.  This
could  partly  be  due  to  the  inherent  low  contrast  pro-
vided  by  their  molecular  composition  and  to  their  inherent
susceptibility  to  beam  damage.  To  make  soft  matter  parti-
cles  easier  to  image,  our  approach  was  to  take  advantage
of  incorporated  metals  as  covalently  linked  labels  for  EM
(Fig.  2).  In  this  context,  nanoparticles  were  obtained  from
amphiphilic  block  copolymers  in  which  the  hydrophobic
block  is  the  result  of  the  direct  polymerisation  of  the  heavy
metal  containing  norbornyl-monomer  which  was  designed
as  a  square  planar  Pt(II)  complex  polymerisable  via  ring-
opening  metathesis  polymerisation  (ROMP)  (Proetto  et  al.,
2014).  These  Pt(II)-prodrug  loaded  micelle  serendipitously
provided  exceptional  contrast  in  TEM  eliminating  the  need
for  staining  during  sample  preparation.  The  ﬁnal  Pt(II)-core
m
s
c
ticelles  were  obtained  by  dissolving  the  resulting  polymers
n  DMF,  and  slowly  dialysing  into  water  over  two  days.  Initial
EM  images  revealed  exceptional  contrast  in  the  absence
f  stain  and  an  easily  imaged  abundance  of  particles  at  low
agniﬁcation  (Fig.  2a).  The  presence  of  platinum  was  con-
rmed  via  STEM-EDS  (Fig.  2b).
Prior  to  in  situ  analysis,  the  materials  were  characterised
y  dry-state  TEM  conducted  with  and  without  staining,  and
ia  cryo-TEM  (Fig.  3).  The  observed  uranyl  acetate  stained
pecimen  is  typical  for  many  micellar  and  polymeric  nano-
aterials  where  contrast  is  dominated  by  the  stain  rather
han  any  of  the  internal  structural  elements  of  the  parti-
les  themselves  (Fig.  3a).  However,  the  innate  high  contrast
f  the  synthetic  nanoparticles  is  obvious  in  images  from
nstained  dry-state  TEM  (Figs.  2  and  3b)  and  cryo-TEM
Fig.  3c).  With  these  traditional  TEM  datasets  in  hand,  an
n  situ  imaging  experiment  involving  a  series  of  multi-minute
ovie  captures  was  conducted.  A  single  frame  of  one  such
ovie  is  shown  in  Fig.  3d  indicating  a  pattern  of  similarly
ized  particles  as  seen  in  other  methods.  However,  in  this
ase  smooth  particle  motion  is  observed  from  one-frame  to
he  next  indicating  nanoparticles  in  solution.
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Figure  5  (Left)  Screen  shot  from  an  in  situ  liquid  stage  movie  after  one  minute  of  imaging  showing  dispersed  particles.  (Right)
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gcreen shot  from  an  in  situ  liquid  stage  movie  after  two  minut
hite arrows  show  three  particles  that  fused  together  over  tim
Image  analyses  of  particles  from  each  method  were  con-
ucted  for  a  broad  comparison  (Fig.  4).  Variations  in  size
istribution  were  observed,  but  overall,  each  technique
eveals  particles  of  similar  diameter  with  the  ﬁtted  Gaus-
ian  curves  showing  a  highest  peak  centred  at  approximately
0  nm  for  all  methods.  When  compared  to  the  micelles
n  cryo-TEM  images,  dried  particles  show  a  slight  shift  to
maller  diameters,  whereas  the  presence  of  heavy  metal
ranyl  acetate  staining  exacerbates  this  effect  even  further.
his  effect  is  probably  a  result  of  the  dehydration  and  con-
equent  shrinkage  of  the  particles  (Wang  and  Asher,  2009).
n  situ  measurements  reveal  what  appears  to  be  a tighter
istribution  of  sizes  (Fig.  4).  However,  analyses  of  in  situ
amples  were  only  conducted  on  particles  that  were  obvi-
usly  spherical  from  snapshots,  limiting  the  population  size
hat  could  be  analysed  in  this  initial  study.  It  is  important
o  note  this,  because  it  highlights  an  inherent  feature  of  the
pproach,  namely,  that  multiple  particles  can  occupy  a  simi-
ar  position  in  the  ﬁeld  of  view  but  differ  with  respect  to  the
ertical  axis  through  the  sample  and  therefore  may  appear
s  aggregates.  This  can  be  true  in  both  cryo-TEM  and  in  situ
EM.  This  is  more  clearly  observed  in  movies  that  reveal  sets
f  particles  passing  over  each  other  in  solution  conﬁrming
hey  are  separate  species  overlayed  in  the  vertical  axis.
The  obvious  power  of  in  situ  TEM  is  that  the  particles  can
e  observed  in  motion,  in  solution,  meaning  that  dynamic
hanges  in  their  structure  can  be  tracked  and  studied.  An
nitial  demonstration  of  this  is  shown  in  Fig.  5  wherein
ndividual  particles  are  seen  to  merge  into  a  beam-damaged
ggregate  over  a  time  course  of  two  minutes.  The  particles
re  observed  initially  without  damage  or  obvious  changes
n  their  morphology.  The  particles  then  begin  moving  and
occulate  into  a  multiparticle  complex  likely  due  to  elec-
rostatic  interactions  induced  by  radiolysis  (White  et  al.,
012b).  Continued  illumination  causes  signiﬁcant  damage
ncluding  a  ﬂattening  of  density  and  further  agglomeration
f  particles.  The  critical  point  here  is  that  the  particles
ould  be  imaged  for  a  time  without  showing  adverse
ffects  from  exposure  to  the  beam.  This  suggests  that
ime-resolved  observations  of  the  same  particle  undergoing
a
t
a
a imaging  the  same  ﬁeld  of  view  showing  aggregated  particles.
e  to  electron-beam  induced  damage  (Proetto  et  al.,  2014).
timuli  responsive  dynamics  may  be  possible.  Therefore,  the
resented  study  serves  as  a  necessary  part  of  our  ongoing
ork  to  determine  the  threshold  under  which  imaging
xperiments  can  be  used  to  glean  meaningful  information
or  soft  materials,  and  eventually,  for  their  dynamics.
onclusions
n  summary,  we  have  demonstrated  that  in  situ  TEM  is  a
iable  approach  for  imaging  the  motion  of  organic,  poly-
eric  soft  nanomaterials  in  liquid  water.  In  terms  of  soft
aterials,  in  situ  TEM  should  become  a  new  standard  to  add
o  the  suite  of  microscopy  methods  employed  to  interrogate
tructure.  Furthermore,  with  an  understanding  of  opera-
ional  parameters  and  limitations  of  the  materials  in  hand,
he  technique  should  prove  to  become  a  unique  tool  for  high
esolution  characterisation  of  dynamic  systems.  Finally,  we
ote  that  these  particles,  loaded  with  a  heavy  metal  for
ontrast,  made  for  an  initial,  straightforward  imaging  study
n  situ. However,  we  do  not  believe  that  this  heavy  metal
oading  strategy  is  a  prerequisite,  and  are  currently  screen-
ng  other  organic  materials  and  dynamic,  switchable  systems
or  their  ability  to  be  imaged.  These  studies  are  currently
nderway  and  we  aim  to  describe  these  in  due  course.
uture perspective
he  future  of  analysis  for  soft/dynamic  nanomaterials  in
olution  will  undoubtedly  feature  liquid  TEM  as  a  major  tech-
ique.  However,  there  are  still  many  barriers  to  overcome
efore  this  method  lives  up  to  its  potential.  First  and  fore-
ost  is  the  ability  to  reproducibly  make  liquid  cells  where
he  scattering  of  the  windows  is  insigniﬁcant  compared  to
he  sample  and  the  liquid.  This  will  likely  be  achieved  using
raphene  or  some  functionalised  version  of  graphene  (e.g.,
raphene  oxide)  where  the  functionality  can  be  used  to
chieve  the  desired  particle  attachment  or  lack  thereof.  The
hickness  of  the  liquid  in  these  cells  should  easily  be  vari-
ble  so  that  the  optimum  experimental  conditions  can  be
chieved  based  on  contrast,  damage  and  particle  mobility.
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Furthermore,  the  cells  should  have  temperature  control  and
come  in  the  form  of  both  multiple  isolated  compartments
or  continuous  ﬂow  cells,  so  the  system  can  be  either  ana-
lysed  in  isolation  or  under  varying  solvent/solute  conditions.
With  these  ideal  and  reproducible  cells  it  is  then  neces-
sary  to  fully  understand  electron  beam  damage  mechanisms
for  soft  and  hence  beam  sensitive  materials  in  liquids.  This
should  be  studied  in  relation  to  liquid  thickness,  ﬂow  rate,
window  functionality,  electron  scavenging  additives  and  e-
beam  conditions  (e.g., TEM  vs.  STEM,  voltage  and  dose  rate).
With  these  tools  in  hand,  liquid  TEM  will  become  part  of  the
routine  analysis  of  soft,  dynamic  nanomaterials  in  solution,
complementing  the  existing  dry  state  and  cryo-TEM  as  well
as  the  variety  of  scattering  techniques  available.
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